The endocochlear potential (EP) provides part of the electrochemical drive for sound-driven currents through cochlear hair cells. Intense noise exposure (110 dB SPL, 2 h) differentially affects the EP in three inbred mouse strains (C57BL/6 [B6], CBA/J [CBA], BALB/cJ [BALB]) (Ohlemiller and Gagnon, 2007, Hearing Research 224:34-50; Ohlemiller et al., 2011, JARO 12:45-58). At least for mice older than 3 mos, B6 mice are unaffected, CBA mice show temporary EP reduction, and BALB mice may show temporary or permanent EP reduction. EP reduction was well correlated with histological metrics for injury to stria vascularis and spiral ligament, and little evidence was found for holes or tears in the reticular lamina that might 'short out' the EP. Thus we suggested that the genes and processes that underlie the strain EP differences primarily impact cochlear lateral wall, not the organ of Corti. Our previous work did not test the range of noise exposure conditions over which strain differences apply. It therefore remained possible that the relation between exposure severity and acute EP reduction simply has a higher exposure threshold in B6 mice compared to CBA and BALB. We also did not test for age dependence. It is well established that young adult animals are especially vulnerable to noise-induced permanent threshold shifts (NIPTS). It is unknown, however, whether heightened vulnerability of the lateral wall contributes to this condition. The present study extends our previous work to multiple noise exposure levels and durations, and explicitly compares young adult (6e7 wks) and older mice (>4 mos). We find that the exposure level-versus-acute EP relation is dramatically strain-dependent, such that B6 mice widely diverge from both CBA and BALB. For all three strains, however, acute EP reduction is greater in young mice. Above 110 dB SPL, all mice exhibited rapid and severe EP reduction that is likely related to tearing of the reticular lamina. By contrast, EP-versus-noise duration examined at 104 dB suggested that different processes contribute to EP reduction in young and older mice. The average EP falls to a constant level after~7.5 min in older mice, but progressively decreases with further exposure in young mice. Confocal microscopy of organ of Corti surface preparations stained for phalloidin and zonula occludens-1 (ZO-1) indicated this corresponds to rapid loss of outer hair cells (OHCs) and formation of both holes and tears in the reticular lamina of young mice. In addition, when animals exposed at 119 dB were allowed to recover for 1 mo, only young B6 mice showed collapse of the EP to 5 mV. Confocal analysis suggested novel persistent loss of tight junctions in the lateral organ of Corti. This may allow paracellular leakage that permanently reduces the EP. From our other findings, we propose that noise-related lateral wall pathology in young CBA and BALB mice promotes hair cell loss and opening of the reticular lamina. The heightened vulnerability of young adult animals to noise exposure may in part reflect special sensitivity of the organ of Corti to acute lateral wall dysfunction at younger ages. This feature appears genetically modifiable.
Introduction
Mammalian cochlear injury targets of noise exposure include the organ of Corti and the stria vascularis. Changes in either can affect the endocochlear potential (EP), which provides much of the electrochemical driving force for sound-induced currents through hair cells (Wangemann, 2006) . Depending on model and conditions, the EP may temporarily either increase or decrease. Acute EP increases have been attributed to changes in the organ of Corti such as prolonged hair cell depolarization or decreased conductance of transducer channels (Ohlemiller et al., 2016) . Acute EP decreases appear attributable to injury to the stria or spiral ligament (Ohlemiller and Gagnon, 2007; Ohlemiller et al., 2011a) or to increased leakiness of the organ of Corti, which may 'short out' the EP (Ahmad et al., 2003) . Within this framework, the EP may serve either as an indicator of events in the organ of Corti, or as the primary metric of interest, since lateral wall pathology that directly decreases the EP will elevate thresholds independent of any changes in the organ of Corti.
Work in mice has shown that the extent of noise injury to the stria and spiral ligament and resulting EP reduction are genetically modifiable. Following a 2-hr broadband exposure at 110 dB SPL, three inbred mouse strains (C57BL/6J [B6], CBA/J [CBA] , BALB/cJ [BALB] ) show different phenotypes, such that B6 mice are unaffected, CBA mice show temporary EP reduction, and BALB mice show temporary or permanent EP reduction (Ohlemiller and Gagnon, 2007; Ohlemiller et al., 2010 Ohlemiller et al., , 2011a . The EP reduction is correlated with histological injury metrics to stria vascularis, spiral ligament, and Reissner's membrane. By contrast, little evidence was found for 'holes' left by rapid hair cell loss, or tears in the reticular lamina. Thus we suggested that the genes and processes that underlie these strain differences primarily impact cochlear lateral wall. One or more of the underlying genes lies on proximal chromosome 18 (Nirep QTL) (Ohlemiller et al., 2010 (Ohlemiller et al., , 2016 .
Noise-related reticular lamina leaks that may reduce the EP appear to take two forms, both supported mostly by anecdotal evidence. At high noise levels (!124 dB in guinea pigs and !116 dB in mice) mechanical trauma may tear the reticular lamina (Fredelius, 1988; Fredelius et al., 1990; Henderson et al., 1994; Hirose and Liberman, 2003; Hirose et al., 2005; Spongr et al., 1998; Thorne et al., 1984; Wang et al., 2002; Zheng and Hu, 2012) . At much lower noise levels (82 dB), studies in chinchillas support the notion of rapid hair cell death that leaves holes in the reticular lamina (Harding and Bohne, 2004) . Both tears and holes would promote mixing of endolymph and perilymph, ostensibly exposing hair cells to toxically high K þ levels, thereby magnifying hair cell and hearing loss. Such a process is supported by knockout models for tight junctional proteins such as vezatin, claudin-9, claudin-14, occludin, angulin-2 (Ildr1), and tricellulin (Bahloul et al., 2009; Ben-Yosef et al., 2003; Kitajiri et al., 2014; Morozko et al., 2014; Nakano et al., 2009; Nayak et al., 2013) . Some of these models (claudin-9 and -14) show both reduced electrical resistance of tight junctions and hair cell loss, despite a normal EP. In mice, hair cell death that causes holes and EP reduction remains the exception to the rule, having only been reported in knockout models (Cohen-Salmon et al., 2002; Jin et al., 2016) . On balance, observations of hair cell death from noise, ototoxins, or genetic causes support the predominance of mechanisms for quickly sealing off the reticular lamina so that electrical impedance and ionic integrity are maintained. The present work attempts to separate lateral wall and potential organ of Corti contributions to noiserelated EP reduction. Our previous work did not test the range of noise exposure conditions over which mouse strain differences apply. It thus remained possible that the relation between exposure level or duration and acute EP reduction simply has a higher exposure threshold in B6 mice compared to CBA and BALB. To address this, we measured EP changes in all three mouse strains in response to a wide range of 2-hr exposures (85e119 dB SPL). Our previous work also did not test for age dependence of results. It is well established that young adult animals are especially vulnerable to noiseinduced permanent threshold shifts (NIPTS) (Ohlemiller et al., 2000 (Ohlemiller et al., , 2011b Pujol, 1992; Saunders and Chen, 1982) . It is unknown, however, whether heightened vulnerability of the lateral wall contributes to this early 'vulnerable period'. Alternatively, the organ of Corti of young mice may be more affected by acute lateral wall dysfunction than in older animals. In the present work we separately examined mice whose age fell near the peak of the vulnerable period for mice (6e7 wks), and outside this period (>4 mos) (Henry, 1982) . Because exaggerated loss of outer hair cells (OHCs) is a known aspect of the vulnerable period (Ohlemiller et al., 2000) , for some exposure conditions we examined surface preparations of the organ of Corti using antibodies for hair cell cuticular plates and tight junctions. Our observations confirm striking genetic dependence of cochlear noise-related lateral wall injury and EP reduction, such that B6 mice are more resistant than CBA or BALB under most exposure conditions. They further suggest that noise injury to the lateral wall in young CBA and BALB mice exacerbates injury to the organ of Corti in the form of rapid OHC loss and formation of both holes and tears in the reticular lamina. While recovery of the EP indicates that holes and tears are typically repaired, the EP in young B6 mice showed persistent collapse to 5 mV after 2-hr exposure at 119 dB SPL. Surface preparations in these mice suggest novel, permanent, disruption of tight junctions in the reticular lamina.
Methods

Animals
Procedures were approved by the Washington University Institutional Animal Care and Use Committee. Physiological recordings were conducted using C57BL/6J (n ¼ 143), CBA/J (n ¼ 200), and BALB/cJ (BALB, n ¼ 208), all derived from breeders purchased from The Jackson Laboratory (JAX). Mice were either 6e7 weeks ('young') or 4e16 mos of age ('older') at the time of evaluation. The age of older BALBs was capped at 13 mos as our published data indicated that BALBs may show age-associated EP decline thereafter (Ohlemiller et al., 2006) . All samples were randomly composed by gender, and no gender effects were detected in any feature reported here.
EP recording
All animals underwent a single EP measurement, obtained from the cochlear lower basal turn of the left ear. For EP recording, animals were anesthetized (60 mg/kg sodium pentobarbital, IP) and positioned ventrally in a custom headholder. Core temperature was maintained at 37.5 ± 1.0 C using a thermostatically-controlled heating pad in conjunction with a rectal probe (Yellow Springs Instruments Model 73A). An incision was made along the midline of the neck and soft tissues were blunt dissected and displaced laterally to expose the trachea and left bulla. A tracheostomy was then made and the musculature over the bulla was cut posteriorly to expose the bone overlying the round window. Using a fine drill, a hole was made in the left cochlear capsule directly over scala media of the lower basal turn. Glass capillary pipettes (40e80 MU) filled with 0.15 M KCl were mounted on a hydraulic microdrive (Frederick Haer) and advanced until a stable positive potential was observed that did not change with increased electrode depth. The signal from the recording electrode was led to an AM Systems Model 1600 intracellular amplifier. A silver/silver chloride ball inserted into the neck muscles served as ground.
Noise exposure
Noise exposures were performed in a foam-lined, single-walled soundproof room (IAC). Fully awake and unrestrained animals were placed singly or in pairs in modified cages (food, water, bedding removed) positioned up to two cages at once directly under an exponential horn. All noise was octave band (8e16 kHz), generated digitally using custom Labview routines running on a PC. The signal was output to a Tucker-Davis Technologies RZ6 signal processor, then to a Crown D-150A power amplifier that drove the speaker. Depending on the experiment, noise level varied from 85 to 119 dB SPL in 3 dB increments. To characterize EP temporal dynamics, at two noise intensities (104 and 119 dB) exposure duration was varied from 14 s to 2 h in 2Â increments.
Nonlinear curve fitting
Acute EP-versus-noise duration data (Fig. 4) were fitted using a nonlinear least-squares optimization (lsqnonlin) in Matlab to a Boltzmann function of the form:
where EP initial is the EP value at the start of the noise exposure; EP final is the asymptote EP corresponding to a constant final EP value; t 0 is the time at the center or point of inflection, and dt is a time constant that varies the slope in the transition region between the two EP values (see Fig. 10 ). EP final is not asserted to represent a permanent post-noise steady state, but rather, a value that persists prior to repair whose time course we did not characterize. A Boltzmann or logistic function is commonly used to describe voltage-dependent ion channel conductances (e.g., Beluzzi et al., 1985; Ehrenstein et al., 1970) . In the present framework, intense noise is taken to cause an abnormal increase in the conductance between endolymphatic and perilymphatic spaces, producing a time-dependent reduction in the EP. The Boltzmann function well describes problems of current flow and chemical diffusion, and is appropriate for considering the thermodynamics of atoms and molecules in various applications in physiology (Dubois et al., 2009 ).
Immunocytochemistry and confocal imaging
To identify changes in the reticular lamina that might explain EP trends, we performed confocal immunocytochemical analysis of organ of Corti surface preparations in acute noise-exposed mice and unexposed controls. These animals did not undergo EP recording. Analyses focused on both young and older mice of all three strains exposed for 2 h at either 104 or 119 dB SPL. In addition, both young and older B6 mice that were exposed at 119 dB SPL and then allowed to survive for 1e3 mos were examined as surface preparations. One cochlea from 3 to 12 animals was examined to discern qualitative trends. Examinations emphasized the basal turn, since all our EP recordings were from the basal turn. For all conditions tested, injury to the cochlear apical turn (acute hair cell loss and opening of the reticular lamina) appeared less severe than in the base (not shown).
Inner ears were fixed by intra-cardiac perfusion of 4% paraformaldehyde, then immersed in the same fixative for 15 min at room temperature. After rinsing with phosphate buffered saline (PBS), temporal bones were decalcified with 0.1 M EDTA for 48 h at 4 C. Samples were incubated at room temperature for 2 h in blocking solution (5% normal horse serum in 0.2% Triton X-100 in PBS). Cochleae were incubated overnight at room temperature with combinations of following primary antibodies: Hair cells were labeled with antibody against Myosin 7a (catalogue #25-6790, Proteus Biosciences, 1:500) and tight junctions were labeled with antibody against ZO-1 (catalogue #339100, Life technologies, 1:100). The apical surfaces of the sensory epithelia were stained using Phalloidin (catalogue #A12379, Life technologies; 25 ml/ml).
For ZO-1 labeling, temporal bones were fixed for 20 min on ice using fresh, cold 10% trichloro-acetic acid (TCA, Sigma Aldrich), followed by immediate transfer into 1X PBS. Tissue was then dissected and permeabilized and blocked using 5% normal horse serum in 0.2% Triton X-100 in PBS solution for 2 h at room temperature. Samples were probed overnight at 4 C with mouse monoclonal anti-ZO-1 antibody. Because zonulae occludins-1 (ZO-1) appears to be a requisite component of normally functioning epithelial tight junctions (Rodgers et al., 2013; Tornavaca et al., 2015; Van Itallie et al., 2009 ), we used ZO-1 labeling to infer the presence or absence of tight junctions in the reticular lamina. Following incubation in primaries, specimens were rinsed 5X in PBS and treated for 2 h in corresponding secondary antibodies. The secondary antibody solutions also contained DAPI (catalogue #D9542, Sigma-Aldrich, 1 mg/ml), in order to label cell nuclei.
Specimens were cover-slipped in glycerol:PBS (9:1), and fluorescence imaging was performed using a Zeiss LSM 700 confocal microscope. Z-series images were obtained with either 20Â air or 63Â oil objective (zoom of 1.6) beginning at apical surface of hair cells and extending through the basilar membrane. Image processing and 3D rendering was performed using Volocity 3D image analysis software (Ver 6.1.1, PerkinElmer).
Results
The EP-versus-noise level relation is highly divergent by mouse strain
Acute EP varied considerably as a function of exposure intensity and mouse strain (Fig. 1 ). In agreement with our earlier results, older B6 mice were highly resistant to EP reduction for noise levels up to 110 dB SPL (Fig. 1A) . At 110 dB, EP values were widely scattered, while higher exposure levels reliably led to a precipitous drop to <40 mV. For B6 mice, 110 dB appeared to represent a transition from essentially normal EP values to drastically reduced values. By contrast with B6, EPs in older CBA and BALB suggested a decline from normal values for exposures as low as 98 dB (Fig. 1B and C) . Although there was a great deal of scatter, mean EP values in CBA and BALB both showed an average~60 mV plateau extending from 98 to 107 dB (Fig. 2B ). Similar to B6, EPs in CBA and BALB showed a transition at 110e113 dB to values below 30 mV ( Fig. 1B and C; Fig. 2B ). Overall, the EP-vs.-noise level relation was substantially similar in CBA and BALB mice, suggestive of three plateaus with two intervening transitions. The left-most 'normal' range differs between CBA and BALB because BALBs are known to possess a lower EP throughout life than either CBA or B6 (Ohlemiller et al., 2006) . The relation for B6 mice was more consistent with two plateaus with a single steep transition. As Fig. 2B makes clear, no amount of shift on the X-axis would bring the relation for B6 mice into register with those for CBA or BALB. The relation in B6 is qualitatively and quantitatively different from the other strains. However, all three strains share a substantial drop to values below~40 mV for exposures of 110 dB and higher.
The B6 EP data for 110 dB exposures are somewhat at odds with our previous results, which indicated completely normal EP for older B6 at this noise level (Ohlemiller and Gagnon, 2007) . This difference may reflect the use of a narrower band of noise in the present study versus broadband noise used previously. A more restricted band of noise (more spatially focused energy) might favor tearing of the reticular lamina (see below). Because of the large number of B6 animals tested at 110 dB (Fig. 1A) , we used this condition to examine the effect of broad age variation in our older sample (Fig. 3) . We thought it particularly useful to examine older B6 mice, as these should have extensive basal hair cell loss due to the influence of the Cdh23 753A (Ahl) allele (Johnson et al., 1997 (Johnson et al., , 2000 . Such large scale hair cell loss might cause structural weakening of the organ of Corti. Although Fig. 3 shows increased scatter in the EP for animals aged 14e16 mos, no significant correlation was found between acute EP and age. Thus neither advanced age nor associated hair cell loss appear to promote noise injury to the cochlear lateral wall or structural weakening of the organ so that the EP is reduced.
The EP is more affected by noise in young mice
Each of the strains tested showed pronounced age effects, such that young mice were more affected. CBA and BALB mice were again similar to each other, yet very different from B6. On average, acute EPs in young CBA and BALB fell to a constant~20 mV for exposures 101 dB SPL and higher ( Fig. 1B and C; Fig. 2A ). EPs in this plateau were similar to those seen for older animals for exposures above 110 dB. By contrast, while EPs in young B6 mice decreased from normal values for exposures above~95 dB, reductions were generally modest for exposure levels up to 110 dB, where values abruptly declined in a manner similar to the older B6 mice ( Fig. 1A ; Fig. 2A ).
Temporal dynamics of EP reduction differ for 104 and 119 dB exposures
The average functions in Figs. 1 and 2 are suggestive of distinct injury states over particular exposure ranges. These states vary by strain and age. One way to explore the underlying processes is to select exposure intensities that may correspond to different injury states and vary the exposure duration. We selected 104 dB and 119 dB as representative exposure intensities for the 'intermediate' and 'low' EP plateaus (see dashed vertical lines in Fig. 2) . Fig. 4A ,D compare results for older mice at 104 dB and 119 dB for exposure durations ranging 14 seconds-2 hrs. For experiments at 104 dB, B6 mice were not included, since they showed little EP reduction at this level. Although EPs were widely scattered at 104 dB, values for CBA and BALB appeared to occupy similar ranges for most exposure durations, and so were averaged together. At 119 dB, EPs for all three strains were similarly distributed, and were also averaged together. At 104 dB SPL, the mean EP fell from normal values for exposures !7.5 min, to an average 70e80 mV, but showed no further decline for durations up to 2 h. At 119 dB, EPs in older mice showed a rapid decline for durations greater than 1.88 min, then progressive reduction to typically <20 mV by 2 h.
Temporal dynamics of EP reduction are age-dependent
EP temporal dynamics for young mice are examined in Fig. 4B ,E. At 104 dB SPL, rather than falling to a plateau as seen for older mice, the mean EP in the young mice continued to fall with increasing noise duration in a nearly log-linear manner. At 119 dB, mean EP also fell progressively, although more steeply, and no strain effects were apparent. Fig. 4C ,F compare young versus older averages at 104 dB and 119 dB. Mean trends are qualitatively different for young and older mice at 104 dB. By contrast, young and older mice appear similar at 119 dB, independent of strain.
3.5. Exposure to 104 dB in young mice promotes rapid hair cell loss and openings in the reticular lamina Severe reduction in the EP of young CBA and BALB mice might reflect openings in the reticular lamina to which these mice could be more prone. Fig. 5 shows typical acute surface views of the medial organ of Corti from young B6, BALB, and CBA mice exposed for 2 h at 104 dB SPL. As judged by staining for outer hair cell nuclei (DAPI), cuticular plates (phalloidin), and tight junctions between adjacent cells (ZO-1), young BALB and CBA mice undergo rapid OHC loss during the exposure, leaving holes in the reticular lamina. Young B6 mice appear much less prone to OHC loss at this exposure level, and show little evidence of holes. When the view is rotated and expanded to include the lateral organ of Corti (Fig. 6) , the impression of gaps in the lamina at locations of hair cell loss is supported. This view, however, also reveals a surprising association between holes in the OHC region and tears between the third row of Deiters' cells and Hensen's cells (Fig. 6C, arrow) . Fig. 6DeF show three more examples of tears laterally in other animals (arrows). Thus both holes and tears in the lamina likely contribute to acute EP reduction in young CBA and BALB mice. Based on Fig. 1 , this kind of injury may occur for exposure levels down to 100 dB in these strains. Young B6 mice showed neither holes nor tears (Fig. 6GeI) , in keeping with the notion that these are part of the process that reduces the EP in young CBA and BALB mice.
Analysis of surface preparations from older mice exposed at 104 dB (Fig. 7) indicated that OHC loss or other disruption of the reticular lamina during noise exposure was minimal, irrespective of strain. Although the EP was not measured in the mice shown, previous and present EP data (Figs. 1, 2 and 4) indicate that the BALB and CBA mice shown would have exhibited moderate EP reduction, while the EP in the B6 mice would have been normal. This suggests that any EP reduction in older CBA and BALB mice was not due to openings in the reticular lamina, and is in keeping with our previous light microscope analyses at a higher sound level (110 dB SPL) (Ohlemiller and Gagnon, 2007; Ohlemiller et al., 2011a) , which showed an intact lamina and little hair cell loss during the exposure.
119 dB exposures cause reticular lamina disruption in all mice
Figs. 8 and 9 show the corresponding analysis of acute surface preparations from young and older mice exposed for 2 h at 119 dB SPL. Extensive OHC loss and disruption of the reticular lamina appear, irrespective of strain or age (white arrows). Surface preparations could not discern whether disruptions of the reticular lamina at this exposure level corresponded to holes or tears, although both are likely. Such tears have already been demonstrated in mice and other animals for high level noise exposures (e.g., Hirose and Liberman, 2003) .
Acute loss of ZO-1 in the medial and lateral organ of Corti coincide
We noted that when ZO-1 appears acutely disrupted medially in the hair cell region of the organ of Corti, it is also nearly absent laterally from the junctions between Hensen's and Claudius cells. Fig. 10 shows both medial and lateral organ of Corti (separated by dashed lines) in eight example mice. The mice were chosen so that some show disrupted ZO-1 in the medial organ (119 dB, bottom) and some do not (104 dB, top). In each of these mice, the normal or abnormal appearance of ZO-1 in the hair cell region predicts the presence or near absence of ZO-1 in cell-cell junctions of the lateral organ.
EP reduction versus noise duration adheres to different numerical models at 104 and 119 dB
Anatomic differences between young and older mice for 104 dB noise exposures may mean that young mice possess more fragile OHCs and/or a more mechanically fragile organ of Corti. At 119 dB SPL, the injury likely includes both holes and tears in all our mice. In our consideration of the patterns in Fig. 4 , we noted that both the slope of the EP decrease with time and final EP appeared to differ between young CBA and BALB mice exposed at 104 dB versus all mice exposed at 119 dB. Although these plots are derived from many mice, if individual mice could be repeatedly sampled without artifact, we would expect them to reproduce the same trends during the exposure. One interpretation of the different slopes and endpoints might be that the different rates and degrees of EP decline reflect different rates in the formation of openings in the reticular lamina. During an ongoing noise exposure, the EP changes in a manner that reflects changes in conductance between endolymphatic and perilymphatic spaces. In a normal cochlea, the size of standing currents through hair cells is set by the electrochemical gradient for K þ ions between scala media and hair cells and the single channel conductance of the transducer channels. Acoustic over-stimulation that produces rapid hair cell death and holes in the reticular lamina or direct tears in the lamina, adds uncontrolled leakage conductance. The slope of EP decline and final EP depend on the size of the added conductance, electrochemical diffusion in scala media, the voltage gradient between the scalae, and the rate of K þ re-cycling to the stria. At least on a time scale of hours, holes and tears will be set in an open state, so the rate of electrical diffusion is dependent upon the size of the openings and the thermodynamics of K þ diffusion. These can be modeled using a Boltzmann function. To generate as many independent fits as possible, we separated strain data of Fig. 4 by gender, yielding up to 14 separate data sets that could be used to derive estimates of EP final . Of these, 11 produced unique Boltzmann equations, shown in Fig. 11AeK and summarized in Fig. 11L . Most fitted curves featured a clear EP initial , a range of times over which the EP declined, and a plateau for EP final . It was not clear in all cases that the EP reached a single final value, or whether it would have continued to decrease for longer exposures. Nevertheless, Boltzmann fits to seven data sets for 119 dB exposures and four data sets for 104 dB exposures yielded no overlap of EP final . 
For 119 dB exposures the EP largely recovers for most groups, but collapses in young B6 mice
We previously explored the recovery of the EP after a 2-hr 110 dB SPL exposure in mice >3 mos of age (Ohlemiller et al., 2011a) , noting that the EP typically recovers, with the exception of~25% of BALB mice. The sheer number of conditions tested in the present study made a thorough examination of recovery impractical. Instead we simply examined recovery for the most extreme exposure, 119 dB for 2 h. The scatter plot of Fig. 12 shows recovery at 1 mo post-exposure for each strain and age group. Horizontal dashed lines depict the lowest EP recorded in each strain for ages up to 1 yr from our previous studies (Ohlemiller, 2009 ). For most strains and ages, most data lie above the dashed lines, supporting a trend toward recovery. One exception is young CBAs, yet the most glaring exception is the case of young B6 mice, wherein the EP invariably collapsed to 5 mV. No recovery was apparent even out to 3 mos in these mice, so that this loss of the EP is likely permanent. Two of 10 older B6 mice also showed a similar collapse, so that a stochastic process is suggested. These findings in B6 are strikingly at odds with the seeming resilience of the EP in both young and older B6 mice exhibited in Figs. 1e3. 
EP collapse after 119 dB exposure in young B6 mice reflects persistent loss of tight junctions
Confocal analysis of young B6 mice exposed to 119 dB SPL and allowed to recover for 1 mo or more indicated these animals fail to recover from the acute loss of ZO-1 in both medial and lateral organ of Corti. Fig. 13 compares ZO-1 expression in a young B6 mouse examined 1 mo after a 2 h 119 dB exposure, an unexposed agematched control, and a similarly-exposed older B6 mouse allowed to recover for 2 mos. The exposed older mouse resembles the unexposed control with respect to appearance of ZO-1. The disruption of ZO-1 labeling in the OHC region, and near absence of ZO-1 in the lateral organ of young B6 mice resembles the acute changes in ZO-1 in these mice after 119 dB exposure (Fig. 10) . Among the strains and ages examined, young B6 mice may uniquely lack the ability to restore tight junctional integrity to the reticular lamina. This could account for their reliably poor EP recovery after intense noise exposure (Fig. 12) . As also suggested by Fig. 12 , some older B6 mice may show the same lack of recovery, but all samples obtained from older mice exposed at 119 dB (not shown) showed normal ZO-1 staining in the lateral organ.
Discussion
From the largest collection of EP recordings in any animal model to date, we characterized dynamic aspects of noise-related EP reduction in three inbred mouse strains in two age groups. Our collective findings suggest that acute EP reduction from a single noise exposure can reflect lateral wall pathology, loss of reticular lamina integrity, or both. Evidence for acute breach of the lamina was confined to high exposure levels in older mice, but was also found at lower exposure levels in younger animals in a manner that depended on genetic background. Based on the different rate and extent of EP reduction at 104 versus 119 dB (Figs. 4 and 12) , we anticipated that reticular lamina breach would be limited to holes at points of OHC loss at 104 dB, but would also include tears at 119 dB. Surprisingly, young CBA and BALB mice exposed at 104 showed evidence of both holes and tears, suggesting that these may both have the same proximate cause. Since young B6 mice showed little EP reduction at this noise level and little evidence of either holes or tears, it is tempting to speculate that all three events are related. That is, a genetically-based tendency in young CBA and BALB mice toward noise-related lateral wall pathology may somehow drive injury to the organ of Corti that manifests as both holes and tears. These reduce the EP even further. Our confocal observations after 2-hr exposure do not clarify whether there are exposure conditions that cause holes without tears, or whether one may promote the other. If there exist a range of exposure conditions in young CBA and BALB mice that cause only holes, they may lie between 90 and 100 dB (Figs. 1 and 2 ), or might be found for exposures shorter than 2 h. The coincidence of holes and tears in our young CBA and BALB material for a 104 dB exposure suggests that tears need not reflect purely mechanical trauma while holes primarily indicate lethal metabolic injury to OHCs. That these features are not seen in older CBA and BALB mice after 104 dB exposure further suggests that the organ of Corti in young mice is more vulnerable to metabolic perturbations than in older mice. Thus, the cochlear lateral wall in young mice need not be particularly fragile, but rather, the organ of Corti in young mice is more affected by metabolic events surrounding acute EP reduction. These may include disruption of the flow of nutrients from spiral ligament or strial blood vessels to the organ of Corti and alterations of K þ homeostasis (Chang et al., 2008; Forge et al., 2013; Ohlemiller, 2015) .
Interplay between the organ of Corti and lateral wall dysfunction may partly account for how the early vulnerable period to noise manifests among species and on different genetic backgrounds. Based on recovery of the EP one mo after a 119 dB SPL exposure (Fig. 12) , breaches of the reticular lamina are substantially repaired in most cases. In CBA mice, recovery of the EP was often incomplete, particularly in young CBAs, wherein the majority of animals suggested incomplete recovery (Fig. 12) . In the present study we did not test for recovery of the EP over the mild-to-moderate exposure range, but previously reported incomplete recovery in some BALBs for 110 dB exposures. Partial EP recovery in BALBs was not clear in the present data (Fig. 12) , but that may reflect actual differences between 110 versus 119 dB exposures, or simply a small sample size. The most glaring exceptions to EP recovery, however, were young B6 mice, wherein collapse of the EP reliably corresponded to the absence of ZO-1 in cell-cell junctions of the lateral organ of Corti (Fig. 13) .
Confirming and extending our earlier reports for a single 110 dB SPL exposure (Ohlemiller and Gagnon, 2007; Ohlemiller et al., 2011a Ohlemiller et al., , 2016 , EP-versus-noise level relations differ both qualitatively and quantitatively by strain and age. Striking differences appeared across a wide range of exposures, from as little as 92 dB SPL up to 110e113 dB (Figs. 1 and 2) , at which level mechanical trauma may ultimately impose a common limit on the tolerance of the organ of Corti. The contribution of EP reduction to acute threshold shifts therefore varies with age and genetic makeup for a wide range of exposure conditions. For exposure levels up to 110 dB, our previous anatomic assessments indicated that EP reductions in older CBA and BALB mice (>3 mos) reflect principally lateral wall pathology. The present data suggest this pathology arises at exposure levels as low as 98 dB, producing wide variation in the EP (~30e110 mV, Fig. 1B and C) and an average EP of~70 mV in both strains.
Caveats attending this work notably include limited and purely qualitative anatomic assessment, the use of only two noise intensities (104 and 119 dB SPL) to infer broad 'low-to-moderate' and 'high' level noise exposure EP dynamics, and combining data from many mice to infer EP changes that individual mice may undergo with a continuing exposure (Fig. 4) . The latter approach was taken to avoid potential artifacts associated with multiple EP recording tracks. Our inferences about tight junctions were limited to their presence or absence, and were based on the distribution of ZO-1. This protein appears required for epithelial tight junction formation, although not necessarily for small ion regulation (Rodgers et al., 2013; Tornavaca et al., 2015; Van Itallie et al., 2009) . Finally, our suggestion that EP reduction in young CBA and BALB mice is dominated by opening of the lamina does not disprove any role for heightened vulnerability of the lateral wall in young animals. Indeed, Fig. 1A suggests a modest EP reduction in younger B6 mice that does not appear in older mice. We have not yet characterized the lateral wall or Reissner's membrane after exposure in young mice. Most likely, the younger CBA and BALB mice will show changes in the lateral wall similar to their older counterparts (Ohlemiller and Gagnon, 2007; Ohlemiller et al., 2010 Ohlemiller et al., , 2011a , making it difficult to separate potential origins of their EP reduction. In older CBA and BALB mice, injury metrics for stria vascularis, spiral ligament, and Reissner's membrane were each correlated with EP reduction, so that it was not necessary to invoke injury to the organ of Corti to explain those results. In the present work, qualitatively different patterns of EP reduction (Figs. 1, 2 and 12 ) correspond to qualitative differences in the appearance of the reticular lamina (Figs. 5e7, 13 ), so that it is simply not necessary to invoke additional strain-dependent changes in the lateral wall to explain our results. Light microscopy evaluation of our material is ongoing. 
Noise level-versus-acute EP
Two patterns emerged in noise level-versus-EP dynamics of older mice. Older CBA and BALB mice appeared generally similar, while both diverged widely from B6. EP-versus-noise intensity relations for CBA and BALB mice are suggestive of two plateaus, a partial reduction for exposure levels ranging 98e107 dB SPL, and a more extreme reduction for exposures !110 dB. The complete absence of EP reduction at lower exposure levels in B6 suggests that a process that reduces the EP in CBA and BALB is absent in B6. The patterns by strain are qualitatively different and cannot be superimposed by simple translation on the X-axis. Despite similar CBA and BALB noise-EP phenotypes, these strains show different inheritance patterns of the EP-reduction phenotype when crossed with B6 mice (respectively, dominant and recessive vs. B6), and only partial overlap of related QTLs (Ohlemiller et al., 2010 (Ohlemiller et al., , 2016 . Although candidate genes have been identified, the underlying genes remain unknown.
In hindsight the choice of 110 dB SPL exposures in our previous work was fortuitous, since we might have missed strain differences had we used a higher noise level (Figs. 1 and 2 ). Yet even had we combined data across test ages, we would still have detected strain differences for any noise level between 95 and 110 dB. Irrespective of age, the acute EP in B6 mice after 110e113 dB of octave band noise showed considerable variation that might reflect a probabilistic character of tearing of the lamina at these noise levels (Fig. 1A) . There appeared, moreover, little age dependence in B6 for ages up to 16 months (Fig. 3) . Although we did not count hair cells, by 9e16 mos advanced hair cell loss is expected in the basal half of the B6 mouse cochlea due to the influence of Cdh23 753A and Ahl3 (Johnson et al., 1997; Morita et al., 2007) . Thus, as long as the ion barrier of the reticular lamina is maintained, pronounced hair cell loss neither promotes nor prevents noise-related EP reduction. A corollary might be that advanced loss of hair cells need not render the reticular lamina more vulnerable to tearing. The first argument is also supported by the fact that BALB and B6 mice share the Cdh23 753A allele and show similar age-dependent hearing loss (Johnson et al., 2000; Zheng and Johnson, 2001 ), yet BALBs closely resemble 'good hearing' CBA mice in noise-EP phenotype.
Holes versus tears in the reticular lamina and the influence of age
For all strains and ages, acutely measured EPs were similarly low after exposures !110 dB SPL (Figs. 1 and 2) . Temporal dynamics at 119 dB (Fig. 4 ) also indicated similar EP reduction over time, irrespective of strain or age. In chinchillas, guinea pigs and mice, high level exposures and impact exposures are associated with tears in the lamina (Fredelius, 1988; Fredelius et al., 1990; Henderson et al., 1994; Spongr et al., 1998; Thorne et al., 1984; Zheng and Hu, 2012) . While few studies have included EP measures, those that have indicate EP acute reduction, ostensibly caused by added leakage conductance across the damaged reticular lamina. Most relevant to the current study is work by Hirose and colleagues (Hirose and Liberman, 2003; Wang et al., 2002) , wherein exposing CBA/CaJ mice to 116 dB octave band noise was associated with EP reductions similar to those we find, along with visual evidence of tears in the lamina. For the same type of noise used in those studies, our data lower the critical noise level for the strains we examined down to 110e113 dB SPL.
In young CBA and BALB mice, hair cell death and openings in the reticular lamina may accumulate quickly for even modest exposure levels. Although our corresponding confocal images were obtained at 104 dB SPL (Fig. 6 ), rapid hair cell loss and gaps in the lamina may begin at levels as low as 95 dB, where the EP abruptly drops with increasing noise level ( Figs. 1 and 2 ). Extant accounts of rapid hair cell death after exposure to noise (Oesterle, 2013) and ototoxins (Anttonen et al., 2012 (Anttonen et al., , 2014 Astbury and Read, 1982; Forge, 1985; Fig. 12 . Scatter plot of EPs for animals allowed to survive 1 mo after exposure to 119 dB SPL noise. Data are organized by strain and age (young versus older). Data for B6 mice also include 3 mo post-exposure survival. Horizontal dashed lines indicate the lowest EP measured in each strain for mice up to 1 yr of age from previous work (Ohlemiller, 2009) . Fig. 13 . Examples of ZO-1 staining in the organ of Corti of B6 mice 1 or 2 mos after 119 dB noise exposure. Exposed young mouse (B) shows loss of cell-cell tight junctions (arrows) that appear intact in age-matched unexposed control (A) and exposed older B6 mouse (C). Scale Bars: A: 12 mm, B: 17 mm, C: 10 mm. Leonova and Raphael, 1997; McDowell et al., 1989; Raphael and Altschuler, 1991; Taylor et al., 2008) in guinea pig, rat, and mouse favor a general principle where scar formation coincides with hair cell elimination from the reticular lamina, and holes are prevented. Prior to the current study, exceptions have been limited to knockout mouse models (Cohen-Salmon et al., 2002; Jin et al., 2016) and focal hair cell loss in chinchillas for relatively low-level noise exposures reported by Bohne and colleagues (Harding and Bohne, 2004) . The present findings indicate that acute reticular lamina breach could be a common feature of young adult cochlea, which had not been closely examined within this framework.
Young adult animals are especially vulnerable to cochlear noise injury, including greater loss of OHCs for a given degree of NIPTS (Ohlemiller et al., 2000 (Ohlemiller et al., , 2011b Pujol, 1992; Saunders and Chen, 1982) . In mice, the early vulnerable period peaks at 1e2 mos of age and ends at~4 mos (Henry, 1982 (Henry, , 1983 . The cellular and molecular bases of this period are not known, although it is possible that OHCs are more metabolically or mechanically fragile. Some clues may emerge from acute EP differences between young B6 mice versus young CBA and BALB mice. If, as we suggest, stability of the EP and lateral wall function in young B6 mice helps to protect the organ of Corti, one might predict that young B6 mice would be less vulnerable to noise than similarly aged CBA/J and BALB mice, at least for exposures levels not exceeding 110 dB SPL. This is what has been found (Ohlemiller et al., 2000 (Ohlemiller et al., , 2011b . Thus, our EP findings parallel the relative noise vulnerabilities of young B6, CBA, and BALB mice, but not for older mice of the same strains.
A mathematical signature of reticular lamina breach?
Noise duration-versus-EP dynamics (Figs. 4 and 11 ) support three distinct injury states as a function of exposure duration: An initial 'normal' EP (EP initial ), a transition phase, and a final EP (EP final ). The final EP value was lower for 119 dB exposures than 104 dB exposures and all mice appeared to respond similarly. By contrast, the EP decline at 104 dB was markedly different by mouse strain and age. Young CBA and BALB mice showed progressive EP reduction from the start of the exposure, while their older counterparts showed more modest reduction to a plateau, starting around 3.75 min. This difference in rate and extent of EP reduction may reflect lateral wall versus organ of Corti injury contributions. At 119 dB, both holes and tears likely accumulate more quickly than at 104 dB. We cannot, of course, rule out that greater damage to the stria vascularis also contributed to the final EP value at 119 dB. Boltzmann fits to the present data did not clearly identify differential time courses associated with the accumulation of lateral wall pathology or holes versus tears in the reticular lamina. Follow-up studies quantifying hair cell, strial cell, and tight junction loss are needed.
Failure of tight junction restoration after intense noise exposure in B6 mice
An especially surprising finding, particularly in light of the resilience of B6 mice emphasized above, was the complete failure of EP recovery in young B6 mice exposed to 119 dB SPL, then allowed to recover for up to 3 mos (Figs. 12 and 13 ). Confocal analysis indicated near absence of ZO-1 in cell-cell junctions of the lateral organ of Corti of these mice. Assuming the distribution of ZO-1 is an indication of tight junction composition and function (Rodgers et al., 2013; Tornavaca et al., 2015; Van Itallie et al., 2009) , young B6 mice exhibit wholesale failure to restore an ion-tight barrier as part of reticular lamina repair. This fits with no other aspect of our findings, and seems to reflect cellular processes not assessed by acute examination. Notably, several published genetic impairments of tight junctions apparently do not promote EP reduction (Bahloul et al., 2009; Ben-Yosef et al., 2003; Kitajiri et al., 2014; Morozko et al., 2014; Nakano et al., 2009; Nayak et al., 2013) . Young B6 mice exposed to supercritical noise levels may re-form tight junctions that are severely dysfunctional, leading to greater paracellular ion leakage and permanent EP collapse. We know of no other report of persistent failure to re-establish tight junctions in the reticular lamina after insults, so that this phenomenon merits further study. 
